One of the most prominent adaptations within skeletal muscle is the change in mitochondrial content that occurs in response to chronic exercise, or as a result of muscle disuse. In the first instance, mitochondrial content can increase by 50-100% depending on the exercise program employed, thereby supplying the muscle with an enhanced capacity for energy provision to match the repeated energy demands of contractile activity. In the second case, the reduced energy requirements of * Corresponding author. Muscle Health Research Centre, School of Kinesiology and Health Science York University, Toronto, Ontario M3J1P3, Canada. E-mail address: dhood@yorku.ca (D.A. Hood). muscle inactivity are met by a loss of mitochondrial content, to levels that may be 50-75% of normal, depending on the duration of the disuse. While this muscle malleability in response to activity/inactivity has been recognized for many years, the underlying molecular basis for how this occurs remains to be fully explained, and it is a very active field of research. The reason for this is that mitochondrial content, morphology, and function in muscle are important determinants of the efficiency of muscle metabolism, as well as muscle mass. Thus, identification of the signaling pathways and transcription factors involved in maintaining muscle mitochondria can http://dx
Introduction
One of the most prominent adaptations within skeletal muscle is the change in mitochondrial content that occurs in response to chronic exercise, or as a result of muscle disuse. In the first instance, mitochondrial content can increase by 50-100% depending on the exercise program employed, thereby supplying the muscle with an enhanced capacity for energy provision to match the repeated energy demands of contractile activity. In the second case, the reduced energy requirements of muscle inactivity are met by a loss of mitochondrial content, to levels that may be 50-75% of normal, depending on the duration of the disuse. While this muscle malleability in response to activity/inactivity has been recognized for many years, the underlying molecular basis for how this occurs remains to be fully explained, and it is a very active field of research.
The reason for this is that mitochondrial content, morphology, and function in muscle are important determinants of the efficiency of muscle metabolism, as well as muscle mass. have important therapeutic implications as pharmaceutical or nutritional targets, in addition to the use of exercise itself. Many studies have employed gene knockout (KO) or knockdown models to investigate the importance of the gene product for the normal adaptive mitochondrial response to exercise. In many cases, KO of a selected gene leading to a protein defect results in diminished mitochondrial content and function within muscle under basal conditions, [1] [2] [3] [4] thereby implicating the protein in the maintenance of mitochondria within muscle. However, the absence of these proteins does not, in large measure, prevent exercise from rescuing the situation. Exercise training has repeatedly been shown to restore mitochondria within muscle, despite the absence of "key" regulatory proteins. This information strongly suggests the existence of multiple proteins and signaling pathways that can be activated within muscle to provide protection against the inadvertent loss of normal signals directed toward mitochondrial biogenesis. In this review, we summarize some recent information on traditional, as well as alternative pathways that can be considered potentially important for mitochondrial biogenesis in the response of skeletal muscle to exercise (Fig. 1 ).
Role of PGC-1␣
The process of mitochondrial biogenesis is controlled by the coordinated transcription of nuclear as well as mitochondrial genes, regulated in large measure by the coactivator peroxisome proliferator-activated receptor-␥ coactivator 1␣ (PGC-1␣), its family members, and its isoforms. PGC-1␣ is involved in many metabolic processes, including liver gluconeogenesis, thermogenesis, and fiber-type specialization in skeletal muscle. It is often termed the "master regulator" of mitochondrial biogenesis, and it possesses the ability to mediate many exercise-induced adaptations in skeletal muscle. 5 PGC-1␣ lacks the ability to bind DNA directly, but it acts by interacting with transcription factors such as nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2, respectively), and enhancing their activity, leading to the transcription of nuclear-encoded gene products involved in mitochondrial biogenesis. 6 These include subunits of protein complexes in the electron transport chain and the factors involved in their assembly, mitochondrial DNA (mtDNA) transcription and replication machinery, and mitochondrial protein import machinery (PIM) complexes. Furthermore, PGC-1␣ activates NRF-1 transcription of mitochondrial transcription factor A (Tfam), which is essential for increased mtDNA expression. 7 The expression of several antioxidants such as superoxide dismutases 1 and 2, and catalase are also regulated by PGC-1␣. 8 In addition to increasing mitochondrial content, overexpression of PGC-1␣ can increase the proportion of Type 1 muscle fibers, thereby contributing to the augmented endurance and resistance to fatigue. 9 By contrast, whole-body ablation of PGC-1␣ impairs exercise performance, which is observed along with concomitant decreases in mitochondrial content. Indeed, there is a strong correlation between PGC-1␣ protein expression and the steady-state mitochondrial content of various tissues. PGC-1␣ expression responds to exercise as the muscle adapts to metabolic demands, subsequently leading to mitochondrial biogenesis. 10 Expression of the coactivator is controlled by a magnitude of signaling cascades that also regulate its activity. It is well known that a single bout of exercise can increase PGC-1␣ mRNA and protein levels, 11, 12 while repeated bouts of exercise can increase the protein expression of PGC-1␣, along with NRF-1 and TFAM. This allows for further exercise-induced adaptations, 12, 13 including the expression of a broad range of nuclear genes encoding mitochondrial proteins (NUGEMPs), mitochondrial PIM components, and mtDNA. 14 However, there is controversy regarding whether or not PGC-1␣ is mandatory for exercise and training-induced adaptive gene responses. 4 Studies conducted in PGC-1␣ KO mice found that PGC-1␣ is not required for training-induced increases in ALAS1, COX1, and cytochrome C expression. 4 Furthermore, PGC-1␣ muscle-specific KO were discovered to have similar exercise capacity and exercise-induced mitochondrial biogenesis as their wild-type (WT) littermates. 15 Thus, there are likely to be other factors, yet to be determined, that can mediate training-induced adaptations in skeletal muscle, and help coordinate the expression of both nuclear and mitochondrial genes.
In response to exercise, the expression of PGC-1␣ is regulated by increases in reactive oxygen species (ROS), the adenosine monophosphate (AMP) to adenosine triphosphate (ATP) ratio, and changes in Ca 2+ concentrations. It has been shown that the activation of Ca 2+ /calmodulindependent protein kinase IV and calcineurin A help drive PGC-1␣ expression through the binding of cAMP response element-binding protein (CREB) and myocyte enhancer factor-2 (MEF2) to consensus binding sites. 16 Furthermore, p38 mitogen-activated protein kinase activation during exercise can cause the phosphorylation of MEF2 and activating transcription factor 2 (ATF2), both of which bind to the promoter of PGC-1␣ and induce its expression. In addition, p38 has been shown to phosphorylate PGC-1␣, resulting in PGC-1␣ protein stabilization. 17 With exercise, the AMP to ATP ratio is increased, altering the energy status of the cell and thus activating AMP-activated protein kinase (AMPK). AMPK activation results in direct phosphorylation of PGC-1␣, which appears to enhance its transcriptional activity. 18 Furthermore, AMPK activation enhances Pgc-1˛ promoter activity, 19 leading to greater PGC-1␣ expression. Thus, PGC-1␣ expression is responsive to a number of intracellular signals that are vital for contractile activity.
Recent evidence suggests the presence of several different Pgc-1␣ splice variants in skeletal muscle. These variants differ based on their starting exon (exon 1a, exon 1b, or exon 1b /1c), and can be produced via alternative 3 splicing, producing either the full-length Pgc-1␣ or the shorter N-truncated version. 20, 21 Exon 1a-derived mRNAs are transcribed from the canonical proximal promoter. However, there is an alternative promoter approximately 14 kb upstream of the canonical promoter, which is responsible for transcribing exon 1b-and 1b -derived mRNAs. 20 Little research has been conducted regarding the isoforms of the protein that varies from these specific variants; however, it has been proposed that the isoforms respond differently to resistance and endurance exercise, and are responsible for mediating the various functions of PGC-1␣. Endurance exercise enhances transcription of Exon 1a-derived mRNA and induces responses typical for angiogenesis and mitochondrial biogenesis. By contrast, resistance exercise has been shown to activate the transcription of exon 1b and b mRNA, leading to responses typical for muscle hypertrophy. 20 A product of the truncated 1b transcript is the PGC-1␣ splice variant PGC-1␣4. This variant is 266-amino-acid long and it undergoes downstream alternative splicing. 21 PGC-1␣4 expression is known to increase with exercise, and when expressed in skeletal muscle, it contributes to muscle hypertrophy by regulating IGF-1 expression and reducing levels of myostatin. 21 In addition to the PGC-1␣ variants, PGC-1␤ has also been implicated as a transcriptional activator involved in mitochondrial biogenesis. 23 Mice in which PGC-1␤ is selectively ablated in skeletal myofibers demonstrate lower mitochondrial respiration as well as impairments in exercise performance. PGC-1␤ has not been considered to play a role in exercisemediated mitochondrial biogenesis, as its expression is not induced with exercise. 15 However, this does not preclude the possibility that PGC-1␤ activity is increased with exercise via post-transcriptional modifications. 15 Indeed, evidence demonstrates that deletion of both PGC-1␣ and PGC-1␤ in skeletal muscle results in a greater reduction in mitochondrial function than a deletion of either coactivator on its own. 24 However, more research is required to further elucidate the role and expression of the splice variants and PGC-1␣ family members in exercise adaptations.
Mitochondrial transcription factor A
In addition to the contribution of proteins derived from the nuclear genome, expression of the genes encoded by mtDNA is required for the proper formation of the multisubunit complexes that compose the electron transport chain. A noncoding region, referred to as the D-loop, regulates mtDNA transcription. This region of DNA contains the promoters required to initiate transcription of the 13 genes encoding proteins of the electron transport chain, as well as the rRNAs and tRNAs required for their translation. Work over the past few decades has revealed that transcription of mtDNA is principally regulated by three core components, all of which are nuclear encoded. These include mitochondrial RNA polymerase, mitochondrial transcription factor B2, and mitochondrial transcription factor A (TFAM). 25 TFAM is a multifunctional protein, as it plays a vital role in mtDNA replication and packaging, in addition to its role in the transcription of mtDNA. This protein belongs to the highmotility group family of proteins, which are characterized by their ability to bend, wrap, and unwind DNA. It has been shown that TFAM is capable of unwinding mtDNA promoters into a "U-turn"-like configuration, [26] [27] [28] which facilitates the access of the other core components to the promoter, in turn stimulating transcription. Additionally, in concert with mtDNA polymerase ␥, the mtDNA helicase TWINKLE, and an mtDNA single-stranded DNA binding protein (mtSSB), TFAM can also assist in the replication of mtDNA, 29 resulting in multiple copies of the genome within the organelle network of the cell.
The necessity of TFAM for cellular function is highlighted by the result of complete ablation of TFAM in a mouse model, which is lethal to the animal in its embryonic stage. 30 Further, heterozygous deletion of TFAM greatly reduces mtDNA content in multiple tissues, 30 and alterations of TFAM to various levels have coincident effects on mtDNA transcription. 31, 32 The role of TFAM in skeletal muscle is an area of great interest, considering the aforementioned roles of the protein in mtDNA transcription and replication, and the heavy reliance of skeletal muscle metabolism on mitochondrial function. Recently, the positive relationship between the TFAM protein expression, its localization to the mitochondrial matrix, and its ability to promote the expression of mtDNA has been highlighted in differentiating myotubes, a model of pronounced mitochondrial biogenesis. 33 Exercise-induced mitochondrial biogenesis occurs in parallel with an increase in mtDNA copy number. 34 which parallels oxidative capacity in exercised muscle. 35 Interestingly, it appears that the Tfam gene is responsive to exercise, as an elevation in the mRNA expression of Tfam has been observed following a single session of endurance exercise. 11, 13, 36 Furthermore, increases in TFAM protein content with skeletal muscle have been documented in several in vitro 3, 37 and in vivo [38] [39] [40] animal endurance exercise training paradigms, as well as in human skeletal muscle. 41 In response to repeated bouts of exercise, a sequential series of events unfurls. First, Tfam mRNA increases, leading to the cystolic accumulation of TFAM protein. This is followed by augmented TFAM import into the matrix, and subsequently, increased TFAMmtDNA binding and mtDNA transcription. 40, 42 This process contributes substantially to the increased expression of mitochondrially encoded genes as the mitochondrial reticulum grows in response to exercise.
p53 and mtDNA
The transcription factor p53 has been termed the "guardian of the genome," as it has been classically characterized as a tumor suppressor. 43 It regulates the transcription of genes involved in DNA repair, autophagy, apoptosis, and cell cycle. [44] [45] [46] However, in recent years, p53 has been established as an essential regulator of mitochondrial gene expression, and thus of mitochondrial content and function. 47, 48 Early evidence suggesting a positive relationship between p53 and mitochondrial gene expression 49 has since been corroborated by a wealth of literature demonstrating the requirement for p53 in the maintenance of basal mitochondrial content. 2, [50] [51] [52] [53] Thus, p53 appears to be especially critical in mitochondrial biogenesis, since it has the unique ability to modulate gene expression through interactions with both nuclear and mitochondrial genomes. 13, 54 Indeed, work in several cell types has identified that p53 is capable of transcriptionally regulating genes involved in aerobic metabolism, including the nuclear-encoded transcription factors Tfam and Nrf-1, 2 as well as synthesis of cytochrome c oxidase 2 (Sco2), a cytochrome c oxidase assembly factor. 52 In addition, p53 can aid in the expression of mitochondrially encoded genes, such as cytochrome c oxidase subunit I (COX I) of the COX holoenzyme 13 and 16S sRNA, 49 which is likely facilitated by the physical interaction between p53 and Tfam on mtDNA. 13, 55 Interestingly, p53 also appears to play a role in the regulation of PGC-1␣ expression. Although the human Pgc-1˛ promoter contains a putative binding site for p53, 19 work with p53 KO models has revealed that this does not impact basal Pgc-1␣ mRNA expression 2 ; instead, these animals have a diminished PGC-1␣ protein content. 53 The exact mechanism for this finding has yet to be determined. The importance of p53 in modulating mitochondrial content and function has been further highlighted in skeletal muscle, as p53 KO mice exhibit deficits in basal mitochondrial content, and display abnormal mitochondrial ultrastructure and impairments in the assembly of the COX holoenzyme. 51, 53 These changes manifest in a decrease in mitochondrial respiration and an increase in mitochondrial ROS emission, 53 making these dysfunctional mitochondria more susceptible to ubiquitination and subsequent degradation through mitophagy. 2 Although there is upregulation of some mitophagy-related proteins when p53 is ablated, this increase is not pronounced enough to induce notable increases in autophagy, as evidenced through the accumulation of p62 (an adaptor for autophagic markers), lack of change in LC3II, Beclin and ATG7 autophagy-inducing related proteins, and reduced lysosomal protein markers. 2, 51 Functionally, these mitochondrial alterations are reflected by poor chronic endurance exercise performance 53 and an elevated rate of fatigue development during repeated muscle contractions. 53 Moreover, p53 plays a role in controlling mitochondrial biogenesis-associated signaling in response to an acute bout of endurance exercise. Contractile activity in both cell culture 53 and human models 56, 57 induces phosphorylation of p53 on its serine 15 residue to improve its stabilization and activity. This site can be targeted by kinases that are responsive to the cellular perturbations that occur during exercise, such as p38 mitogen-activated protein kinase 58, 59 and AMPK. 18, 60 Intriguingly, the responsiveness of these mitochondrial biogenesis-associated kinases to contractile activity is delayed when p53 is genetically deleted. 2 This appears to be directly associated with an attenuation in the transcription of Pgc-1␣ mRNA, as well as impaired nuclear translocation of PGC-1␣ protein in response to acute exercise. 2 While earlier reports had suggested that p53 may move to the nucleus upon cessation of an acute exercise session, 61 recent evidence has also shown that translocation of p53 to the mitochondria occurs during the recovery period from an exercise bout. 13 While these studies appear to conflict, this may be due to differences in the exercise paradigm employed and the muscle type analyzed. Nonetheless, this shift in p53 subcellular localization to the mitochondrion is vital for the formation of a complex between TFAM and mtDNA, and the expression of mtDNA-encoded genes following acute exercise. 13 An increase in overall p53 protein content in skeletal muscle has also been shown to occur in response to various modes of chronic endurance exercise training. 62 While p53 KO mice have a reduced skeletal muscle mitochondrial content, exercise training appears to be a viable means by which mitochondrial content can be restored in the animals, 53 perhaps indicating that the mitochondrial adaptations to endurance exercise training are independent of p53. However, more studies are warranted to carefully delineate the necessity of p53 in endurance training-associated adaptations with respect to mitochondrial turnover processes.
Unfolded protein response signaling
During cellular stress, or when proteins synthesis rates increase drastically, an increase in the number of incompletely folded proteins can occur. This accumulation can trigger unfolded protein responses within the endoplasmic reticulum (UPR ER ) and in the mitochondria (UPR mt ). [63] [64] [65] These signal transduction pathways initiate transcription of proteins within the nucleus as a feedback response, in order to (1) increase protein folding efficiency, (2) degrade misfolded proteins, or (3) if proteostasis still cannot be attained, trigger apoptosis of the cell. 66 . Stresses that can initiate the UPR include mutations in constituent proteins, presence of damaging ROS, or harsh environmental conditions that can negatively impact protein folding. 67 Upon endoplasmic reticulum (ER) stress, the ER chaperone BiP senses and binds misfolded proteins, thus releasing its inhibition on three transmembrane signal transducers ATF6, protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK), and inositol-requiring enzyme 1 (IRE1). Upon BiP release, ATF6 translocates from the ER membrane to the Golgi apparatus where proteases cleave and release active ATF6 to the nucleus. There, ATF6 initiates transcription of a number of proteins, including transcription factors X-box binding protein 1 (XBP-1) and CCAAT/enhancer binding protein (C/EBP), and ATF6 upregulate the expression of ER chaperones and proteases, increasing autophagy and decreasing translation. In addition to misfolded proteins accumulating in the cytosol, this also occurs in the mitochondria, activating a separate UPR (UPR mt ). This triggers an increase in ROS to induce the transcriptional activity of CHOP and C/E␤P1, thus further reducing translation and increasing the expression of mitochondria-specific chaperones and proteases. An increase in oxidative stress with exercise releases Keap1 inhibition of Nrf2. This, along with exercise, allows for the translocation of Nrf2 into the nucleus to coactivate the transcription of several antioxidant enzymes to reduce the levels of ROS, as well as increase the transcription of Nrf-1, which contributes to mitochondrial biogenesis. ATF6, activating transcription factor 6; ER, endoplasmic reticulum; ETC, electron transport chain; Keap1, Kelch-like ECH associating protein 1; Mt, mitochondrial; mtDNA, mitochondrial DNA; mtHSP70, mitochondrial-type heat shock protein 70; Nrf-1, nuclear respiratory factor 1; Nrf2, nuclear factor erythroid 2-related factor 2; PGC-1␣, peroxisome proliferator-activated receptor-␥ coactivator 1␣; ROS, reactive oxygen species; TF, transcription factor; TFAM, mitochondrial transcription factor A; TIM, translocases of the inner membrane; TOM, translocases of the outer membrane; UPR, unfolded protein response; UPR ER , unfolded protein response within the endoplasmic reticulum; UPR mt , unfolded protein response in the mitochondria.
homologous protein (CHOP), as well as quality control chaperones such as BiP and GRP94. [68] [69] [70] [71] [72] [73] [74] At the same time, the PERK pathway phosphorylates eIF2␣, resulting in inhibition of global protein translation. This decreases the ER folding load, but also selectively activates the translation of the transcription factor ATF4 to increase CHOP expression, a proapoptotic transcription factor partially involved in the regulation of cell fate. [75] [76] [77] The third branch involves IRE1, which has a cytosolic domain with endoribonuclease activity. IRE1 splices a 26-nt segment from the full-length XBP1 transcript, to produce a frameshift in translation and create transcriptionally active XBP1 (XBP1s). XBP1s enters the nucleus to promote the transcription of genes involved in protein transport, folding, and degradation. 78 The UPR mt pathway functions separately from, yet similarly to, the UPR ER pathway. 63, 65 Mitochondrial chaperones and proteases within the matrix and the intermembrane space (IMS) are the prime sensors of misfolded mitochondrial proteins, and they are capable of sensing, and eliciting, a compartment-specific response. [79] [80] [81] Proteotoxic stress localized to the IMS induces an increase in ROS, leading to the phosphorylation of ER␣ and driving the expression of IMS proteases in order to degrade and remove the accumulated proteins. 82 Similarly, the proteases ClpP and LonP monitor mitochondrial matrix protein status, and can help facilitate the activation of a set of pathways in response to misfolded protein aggregates. Our evolving understanding of the UPR mt and the UPR ER suggests that these signaling events associated with cellular stress help align the mitochondrial and nuclear genomes at the protein level, thus helping in coordinating mitochondrial adaptations and remodeling.
Increasingly, evidence continues to mount in support of a role for the UPR in skeletal muscle in response to exercise. As exercise plays a positive role in skeletal muscle health, research has turned its attention to the potential role of the UPR in mediating these adaptations. Recently, UPR activation was observed in skeletal muscle following a single unaccustomed bout of resistance exercise. 83 These results corroborated a previous report that found an association between activation of UPR transcripts in muscle subject to a single bout of resistance exercise, which was attenuated with prolonged training. 84 Acute endurance exercise has also been shown to elicit the UPR, with the intensity of the exercise contributing to the magnitude of the response. 66, 85, 86 The activation of the UPR during acute endurance and resistance exercise indicates a potential role of the UPR in the initial onset of muscle adaptations. 87, 88 In order to provide a more complete documentation of the time course of UPR activation in response to acute exercise, and the adaptations to training, recent work in our laboratory has examined the activation of both the UPR ER and the UPR mt in response to repeated bouts of exercise of contractile activity in an animal model. Our data indicate that both UPRs are activated in the early stages of the contractile activity training program, preceding the adaptive responses in mitochondrial biogenesis and autophagy. 88 It should be noted that PGC-1␣ has been shown to be induced by, and to regulate, UPR signaling in an ATF6-dependent manner, indicating an integrated link between UPR and mitochondrial biogenesis pathways. 85 Future work using selective KO models should aim to reveal important regulatory steps between these two adaptation processes. 89-91
Protein import into the mitochondrion
The most recent MitoCarta 2.0 posits that 1158 mitochondrial proteins are encoded by nuclear DNA, and a tightly regulated mechanism is required for transporting proteins synthesized in the cytosol into the various compartments of the mitochondria. 92 Mitochondrial protein import is regulated by the PIM, and this process has been well characterized in yeast; however, its mammalian counterpart remains to be sufficiently investigated, particularly under physiological conditions. 93 Import is a multistep process that involves linearization of proteins to allow passage through the translocases of the outer and inner membrane (TOM and TIM, respectively) complexes. 93 In the cytosol, mitochondrial proteins are recognized and actively unfolded by chaperones such as mitochondrial import stimulating factor or heat shock proteins (HSP70 and HSP90). 93 Once in a linear conformation, these proteins contain presequences that target their movement into the mitochondria and are recognized by receptors on the TOM complex. 93 The TOM37-TOM70 receptor complex recognizes internal hydrophobic presequences, whereas the TOM20-TOM22 receptor complex is responsible for binding positive presequences, which comprise the vast majority of mitochondrial proteins. 93 Once recognized by the receptor, proteins are then passed to Tom40, the major channel of the outer membrane (OM) that allows proteins to translocate into the IMS. 93 Proteins destined for the OM or IMS will be incorporated into the OM via the sorting and assembly machinery, or undergo maturation (i.e., refolding and cleavage of the presequence) by chaperones and proteases of the IMS. 93 Matrix or inner membrane (IM)-destined proteins require help from small TIM8-TIM13 and TIM9-TIM10 complexes that facilitate the passage through the IMS and deliver the protein to TIM22 and TIM23. 94, 95 Proteins destined for the IM are shuttled to TIM22 or OXA1 for direct insertion into the IM. 94, 96 By contrast, matrix-destined proteins are passed to TIM23, the major channel of the IM, and passage through the IM is achieved through the ratchet-like action of mtHSP70 that hydrolyzes ATP to pull the protein into the matrix and prevent retrograde movements. 94 Once inside the matrix, the positive presequence is cleaved by mitochondrial processing peptidase, and the mature protein is refolded by mitochondrial chaperones (HSP60 and CPN10) resulting in a functional protein. 94 Beyond its role in transporting the essentials proteins required for mitochondrial expansion and maintenance, import has been found to be a dynamic process, able to respond to metabolic changes in the cell. Modifications in the rate of protein import are able to match the needs of the mitochondria through increased expression of either cystolic or PIM components. Chronic exercise induced using a contractile activity model in rodents revealed that exercise can serve as a stimulant to increase the import of nuclear-encoded proteins. 42, [97] [98] [99] This occurs as a result of contractile activityinduced increases in PIM component expression, as well as changes within the cytosolic fraction that enhance import in the organelle. 42 The identity of these cytosolic factors remains largely to be determined.
At the other end of the spectrum, import can be downregulated with muscle disuse, leading to an aggravation of the metabolic disturbance. Singh and Hood 100 demonstrated that import is sensitive to changes in ROS and the elevation in ROS seen with disuse promotes protein import arrest. During denervation, a commonly used model of disuse, the early decline in import kinetics is a crucial regulator of mitochondrial content, since transcriptional regulators such as Tfam are limited by their translocation into the mitochondria. 7 Taken together, a strong correlation exists between mitochondrial protein import kinetics and organelle content and function. 100 Adaptability of the import system has also been demonstrated in other ways. For example, in cells lacking mtDNA, protein import is increased, concomitant with changes in the expression of PIM components. In aging muscle protein, import rates are modestly elevated, to potentially compensate for reduced mitochondrial content. 101, 102 In BAX/BAK double KO animals, abrogation of these two proteins canonically associated with apoptosis, caused an unexpected defect in the kinetics of import into the OM and matrix. 97 However, this impairment was rescued with endurance training, which caused upregulation of PIM components and normalization of the import rate. 97 Thus, adaptability of the protein import system to metabolic disturbances makes import an important topic for research as a potential therapeutic target, or a way to manipulate mitochondrial health.
7.
Nuclear factor erythroid 2-related factor 2 and mitochondria
The transcription factor nuclear factor erythroid 2-related factor 2 (NFE2L2 or Nrf2) is regarded as the central regulator of the expression of antioxidants and enzymes essential for the protection of cells against oxidative damage-generated free radical species. Abrogation of Nrf2 blunts the expression of these enzymes, consequently increasing their sensitivity to the toxic effects of various drugs 103 and inflammatory compounds. 104 The inability of Nrf2 KO animals to initiate a response that counteracts the adverse effects of oxidative stress illustrates the importance of Nrf2 in maintaining cellular redox homeostasis.
Under basal conditions, Nrf2 is bound to its repressor Kelch-like ECH associating protein 1 (Keap1) within the cytosol. Keap1 targets Nrf2 for ubiquitin conjugation and subsequent proteasome degradation in the cytoplasm by acting as a substrate adaptor for the Cul3-based E3 ubiquitin ligase complex. 105, 106 However, an increase in oxidative stress promotes the stabilization and activation of Nrf2. Mechanistically, activation of Nrf2 is thought to involve modification of the sulfhydryl groups of critical cysteine residues within Keap1, resulting in a conformational change that ultimately reduces the binding capacity of Keap1 to Nrf2. 107, 108 In turn, this promotes translocation of Nrf2 to the nucleus, where it can interact and form heterodimers with small Maf proteins, 109, 110 recruit transcriptional coactivators, 111, 112 and bind to the antioxidant response element (ARE) found within the promoter region of target genes. 113 While it is well established that Nrf2 is important for antioxidant expression, emerging evidence also suggests that Nrf2 signaling is critical for the regulation of mitochondrial content. It has been reported that, compared with WT animals, the livers of Nrf2 KO mice have a lower mitochondrial content. 114 In 3T3-L1 adipocytes, supplementation of the cells with (R)-␣-lipoic acid, a well-known Nrf2 activator, 115, 116 promotes mitochondrial biogenesis. 117 The connection between Nrf2 and regulation of mitochondrial content may be through its interaction with NRF-1, a well-known transcription factor that is essential for the expression of genes encoding subunits of the five respiratory complexes, mitochondrial translational components, and heme biosynthetic enzymes that are localized to the mitochondrial matrix. 118 For instance, the work conducted by Piantadosi et al 119 revealed that the Nrf-1 gene contains multiple AREs within its promoter, which become occupied by Nrf2 upon induction by ROS. Further, they showed that the Nrf2-dependent transcriptional upregulation of Nrf-1 promotes mitochondrial biogenesis and protects cardiomyocytes from the cytotoxicity of the chemotherapeutic agent doxorubicin. As noted above, one of the key regulators of mitochondrial biogenesis is the coactivator PGC-1␣. At this time, the interaction between Nrf2 and PGC-1␣ remains to be determined. 120 However, treatment of human fibroblasts with the potent Nrf2 activator sulforaphane increased mitochondrial mass and induced both PGC-1␣ and PGC-1␤. 121 While this study did not examine whether the increase in mitochondrial mass and expression of PGC-1␣ was Nrf2 dependent, it is possible that an Nrf2-PGC-1␣ interaction facilitates the expansion of the mitochondrial reticulum under the appropriate stimulus. This notion is supported by the fact that the promoter of the mouse Pgc-1˛ gene contains two AREs at -1723 bp and -226 bp from the transcription start site. 8, 122 Indeed, it has been shown that relative to WT mice, Nrf2 KO animals experiencing septic infection or acute lung injury exhibit attenuation in the transcriptional upregulation of both Nrf-1 and Pgc-1␣. 123, 124 Collectively, these results suggest that the interaction between Nrf2 and the mitochondrial regulators NRF-1 and PGC-1␣ is complex and most prominent under conditions of stress.
Exercise is a particular stressor that is capable of inducing Nrf2 activation, nuclear translocation, and enhanced ARE binding in cardiomyocytes. 125 Although there is accumulating evidence demonstrating the importance of Nrf2 for the regulation of mitochondrial content in various cell types, its contribution within skeletal muscle remains to be elucidated. Further, whether Nrf2 is required for exercise-induced adaptations is largely unknown. Research conducted in our laboratory has shown that an exhaustive exercise bout results in a 1.5-fold increase in Nrf2-ARE binding, suggesting that Nrf2 may participate in the signaling events promoting expansion of the mitochondrial reticulum with training. Indeed, we demonstrated that COX activity did not differ between Nrf2 WT and KO mice basally, but that training-induced adaptations in mitochondrial content were less pronounced in KO animals. Our results suggest that Nrf2 is a component of the transcription factor network that contributes to exerciseinduced mitochondrial biogenesis in muscle.
Conclusion
Exercise-induced mitochondrial biogenesis in muscle involves the coordination of multiple proteins and signaling pathways, improving the health of this tissue and enhancing its metabolic capacity. As outlined above, it has become clear in recent years through the use of novel genetic and physiological models that the molecular signaling pathways regulating exercise-induced mitochondrial biogenesis are often redundant and overlapping. This also suggests that no single protein is absolutely vital for these exercise adaptations. As a result, it appears that potential therapeutic targets, for intervention by physiological, pharmacological, or nutraceutical means, are plentiful. This could be of great value when searching for alternative mechanisms of inducing mitochondrial biogenesis in conditions where exercise programs are not feasible, such as in individuals with disabilities or during prolonged muscle inactivity. Accordingly, continued research in understanding these basic molecular mechanisms regulating mitochondrial content and function is warranted.
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